Introduction
Gene delivery is still one major issue in gene therapy since efficiency of gene transfer can be decisive for the desired therapeutic effect. Many attempts are being made to develop efficient viral and nonviral gene delivery systems. Particularly viral vectors are of high efficiency, however are still associated with great preparative efforts, potential risks, such as induction of immune reponses towards viral vectors and concerns for their clinical use. 1 Furthermore, viral and to some extent also liposomal gene transfer systems require comparatively high preparative efforts for their generation.
The use of naked DNA for gene therapy has developed into a feasible alternative to viral and liposomal technologies. Therefore, transfer of naked DNA for genetic immunization and other gene therapy application is receiving increasing attention. 2, 3 Different procedures are used to deliver naked DNA into the desired cells or tissues in vitro and more importantly in vivo, such as by simple needle injection, particle bombardment, in vivo electroporation or jet injection. [4] [5] [6] [7] The advantage of these nonviral techniques is the circumvention of administration of recombinant viral particles, minimal or no immune response towards the DNA applied and low toxicity. The majority of these nonviral gene transfer technologies is used for vaccination studies to introduce DNA coding for proteins or peptides which induce immune reponses resulting in antibody production in the host. For these applications utilization of naked DNA for intradermal or intramuscular application has proven to be an efficient vaccine as shown in numerous animal models for the development of DNA vaccines against different viral infections or cancer. [8] [9] [10] [11] Although needle injection can transduce DNA into muscle tissues, this technique is inefficient for other tissues including tumors. The particle bombardment using DNA-coated microparticles is effective in gene transfer for different tissues. However, in ballistic gene transfer DNA penetration is limited to dermal applications and cannot reach deeper tissue areas.
Among the various nonviral gene delivery technologies jet injection is gaining increasing attention, since this technique allows gene transfer into different tissues with deeper penetration of the desired DNA into the targeted tissue and at comparable transfer efficiencies achieved by particle bombardment. 7, 12 Using the jet-injection technology, the DNA-containing solution is a jet of high velocity possessing the force to penetrate skin and underlying tissues leading to transfection of the affected areas. 12 In vivo application of this technology does not induce tissue damage or inflammatory reactions at jet injection sites that could have an impact on the safety of jet injection in vivo. 13 Most of the aforementioned technologies including the jet-injection technique have been employed for DNA vaccination studies to induce an immune response of the host toward the gene product encoded and expressed by the plasmid applied. 10, [14] [15] [16] In the majority of these studies, muscle or epidermis are targeted for gene transfer, whereas only a few studies are aimed at the direct in vivo gene transfer into tumor tissue, 17, 18 and none of the jet injection studies are aimed at the intratumoral in vivo application for cancer gene therapy. The present study was carried out for the establishment of the low volume versatile hand-held 'high-speed jet injector' for efficient gene transfer into tumors. The novel low volume 'high speed jet injection system' employed in our recent studies combines efficiency in transfer of naked DNA with the simplicity in DNA formulations (DNA solution in water) for the in vivo gene transfer, independently from the size of DNA used. The new jet injection system requires only minimal amounts of DNA to achieve efficient transgene expression within the tissue and makes simultaneous application of two or more different DNA constructs possible. More importantly, transgene expression is not restricted to narrow circumscribed areas (as seen with ballistic gene transfer or needle injection), but generates areas of transgene expression wider than the jet track with deeper penetration depths within the tissue. The use of this jet-injection system can be defined as a safe technology for repeated application of naked DNA in vivo possessing the potential for clinical use such as cancer gene therapy.
Results
Influence of jet injection on DNA integrity In order to determine the influence of jet injection on possible damage to the plasmid DNA by shearing forces, we determined the integrity of the fired DNA. The reporter plasmid pCMV␤ (size 7.2 kb) solution of 1 gDNA/l water was loaded into the jet injector and fired into an Eppendorf tube at 2.0 or 3.0 bar and constant distances. This DNA was then linearized by restriction enzyme digest and evaluated by gel electrophoresis. As shown in Figure 1 , jet injection of the plasmid DNA has (Figure 1,  lanes 1, 3 and 5 ) revealed that the jet injection reduces the amount of supercoiled DNA which seems to be dependent on the pressure used. Although the DNA shearing can be associated with loss of transducible DNA, the remaining nucleic acid is sufficient in yield and quality to efficiently transduce the tumor tissue.
Evaluation of possible tumor cell dissemination by jet injection Before we started the in vivo experiments with the jet injection of reporter plasmids, the potential risk of tumor cell dissemination by the jet injection was determined. For these studies we used the B16 malignant melanoma model which possesses metastasizing potential to the lung. It was of interest to determine whether jet injection with saline into the primary tumor tissue would lead to increased tumor cell spreading associated with increase in lung metastases of treated animals. For this tumor model, eight animals per treatment group were either jetinjected at 2.0 bar, 3.0 bar or remained non-treated in the control group. During the observation time of 22 days after the jet injection, tumor growth was observerd (relative tumor volume) and at day 22 all animals were killed to count the number of lung metastases in the treated and the control groups. Table 1 lists the results for the B16 malignant melanoma model indicating that intratumoral jet injection does not provoke an increased risk for tumor cell spread which could potentially lead to elevated numbers of lung metastases. The frequence in lung metastases of the treated versus non-treated animals was not significantly different for the animals jetinjected at 2.0 bar (P = 0.4418) or at 3.0 bar (P = 0.9591). Furthermore, no differences have been determined regarding the relative tumor volume and the lung weights in the control versus treated animal groups (data not shown).
Jet injection of reporter plasmids into tumors
To evaluate the jet-injection efficiency for gene transfer into tumor tissue in vivo we used the low volume, 'highspeed jet injector' prototype for transduction of the LacZ or GFP reporter gene carrying pCMV␤ or pEGFP-N1 plasmids in Lewis-lung carcinoma. In all animal experiments, solutions of 1 g DNA/l sterile water were used for gene transfer at a pressure of 3.0 bar. In earlier experiments we determined that the jet-injection force at 3.0 bar was most efficient for gene transfer in vivo. Therefore, this instrumental setting was used in our studies for the direct gene transfer into tumors through the overlying skin. Each animal received five jet injections of the respective plasmid DNA, whereas the control animals received 0.9% saline. Since the jet injector possesses a small ejection volume of 3 to 5 l, the maximum amount administered per jet injection was equal to 3 to 5 g plasmid DNA keeping the required amount of DNA at a minimum. Therefore, each animal received a maximum of only 25 g plasmid DNA by the five jet injections applied in the study.
The animals were killed 48, 72 or 96 h after jet injection to remove the tumors and to evaluate the expression pattern of the LacZ or GFP reporter genes within the tumor tissue. Figure 
Figure 2 Expression of the LacZ reporter gene in pCMV␤ jet-injected Lewis-lung tumors. The tumors were removed 48, 72 or 96 h after jet injection and formalin fixed cryosections were used for X-gal staining (see Materials and methods) and visualized through a light microscope at 60-fold or 100-fold magnification. (a): Hematoxylin/eosin stained cryosection of untreated tumor; (b): X-gal staining of the same untreated tumor (magnification 60-fold). (c) Hematoxylin/eosin stained cryosection of saline control tumor 96 h after jet injection; (d) X-gal staining of the same saline jet-injected tumor (magnification 60-fold). (e and f) X-gal staining of tumor cryosection 48 h after jet injection with the pCMV␤ plasmid DNA at 3.0 bar (magnifications: (e), 60-fold; (f), 100-fold). (g and h) Xgal staining of tumor cryosection 72 h after jet injection with the pCMV␤ plasmid DNA at 3.0 bar (magnifications: (g), 60-fold; (h) 100-fold). (i and j), X-gal staining of tumor cryosection 96 h after jet injection with the pCMV␤ plasmid DNA at 3.0 bar (magnifications: (i), 60-fold; (j), 100-fold).
To validate the findings obtained with the LacZ reporter system we repeated the experiments under the same jet-injection conditions using the GFP expressing pEGFP-N1 plasmid for transfection of Lewis-lung tumors. detected within the targeted tumor tissue, whereas no fluorescence is seen in the respective controls (Figure 4a,  b) . In the transduced tumor cryosections we observed a similar pattern of GFP expression as seen with the LacZ plasmid DNA. This is an indication that comparable gene transfer efficiencies can be achieved independently of the reporter system or size of the DNA construct used (7.2 kb pCMV␤ versus 4.7 kb pEGFP-N1).
In extended studies using alternative tumor models, jet injection of pCMV␤ plasmid DNA into B16 melanoma or into a xenotransplant model of a human mammary carcinoma was performed under similar conditions. In parallel to our observations in the Lewis-lung tumor model we were able to achieve gene transfer at comparable efficiency. Figures 5 and 6 show strong LacZ gene expression in B16 tumors 72 h and 96 h after jet injection or 48 h after jet injection in the human mammary xenotransplants with a similar pattern of LacZ distribution as observed in the Lewis-lung tumors.
Simultaneous intratumoral jet injection of LacZ reporter plasmid and TNF-␣ expressing vector
To test whether the jet-injection technology is applicable for the transfer of a therapeutically relevant gene and whether two DNA constructs can be jet-injected simultaneously, we mixed the LacZ reporter expressing pCMV␤ plasmid with the human TNF-␣ expressing pM3CMV-hTNF vector. This mix was jet-injected into Lewis-lung tumors at 3.0 bar and subsequently both, LacZ and TNF-␣ expression was determined in these tumors. The analysis of LacZ expression by X-gal staining and in parallel by TNF-␣-specific immunohistochemistry revealed that both genes are efficiently expressed at the same site of jet injection. Figure 7 depicts a representative expression analysis in a Lewis-lung tumor 48 h (Figure 7a ) and 72 h (Figure 7c ) after the jet injection showing the blue staining for LacZ expression. At the same site in the corresponding cryosection TNF-␣ expression (Figure 7b, d) has been observed by the TNF-␣ specific immunostaining using a FITC-labeled monoclonal anti-TNF-␣ antibody. It is noteworthy, that TNF-␣ is detectable in a more widespread area compared with the area where LacZ expression is present. This is an indication that TNF-␣ diffuses as a secretory cytokine from its site of transduction and expression into the vicinity a b c d
Figure 5 LacZ expression in B16 tumors. The X-gal-stained control tumors which were not jet injected (a) or jet injected with 0.9% saline (b) showed no LacZ expression. The X-gal stained B16 tumors jet-injected with the LacZ expressing plasmid pCMV␤ showed strong LacZ expression 72 h (c) and 96 h (d) after jet injection.
of the transduced cell populations, therefore affecting a greater than only transduced area within the tumor.
To determine the quantitative level of TNF-␣ expression and duration of expression we used cryosections of those tumors simultaneously jet-injected with the two plasmid DNAs for TNF-specific ELISA. Table 2 shows the amounts of TNF-␣ secreted 24 h, 48 h, 72 h, 96 h and 120 h after jet injection with the plasmid mix. The results clearly indicate an appropriate expression of the cytokine ranging from 1300 to 2600 pg TNF-␣/mg protein. Interestingly, the cytokine expression remained at this level over the entire observation time. However, it has to be determined what the maximum expression duration after jet injection of naked DNA will be in in vivo applications, since no significant drop in TNF-␣ expression has been observed even after 120 h.
Discussion
The present study has been performed to evaluate the applicability of the jet-injection technology using a novel low volume air propulsion-based jet injector for gene transfer into tumors. The jet-injection technology is being tested over several years for its feasibility for transfer of pharmacological substances and of genetic material in vivo and it has been demonstrated that it can be successfully utilized for pharmacologic applications and for gene transfer. 7, 19, 20 However, most of the air propulsion and also spring-powered jet injectors required relatively large amounts of plasmid DNA for transfection due to the large ejection volumes ranging from 100 l 7,14 up to 500 l 21 per jet injection. In contrast, recent particle bombardment technology has been shown to be feasible with low quantities of plasmid DNA when employed for vaccination studies. 22 However, if intratumoral and not dermis-directed gene transfer is attempted, the particle bombardment technology does not reach the required penetration to transduce deeper tissue areas. To obtain a more applicable jet injection-based technology, recent development led to a new prototype of jet injector which requires only minimal amounts of naked plasmid DNA. The ejection volumes have been significantly reduced down to 3-5 l per jet injection associated with higher accuracy of DNA amounts applied. The use of naked DNA has gained growing acceptance for gene therapy, since numerous studies demonstrated uptake of the genetic material leading to efficient transgene expression and also showed advantages over liposomal or adenoviral vectors. [23] [24] [25] The new 'high speed jet injector' device used in the in vivo study possesses these properties of low volume jets for repeated naked DNA application into the targeted tissue. Similar to earlier experiences with other types of jet injectors, we and others observed no serious sideeffects in treated animals associated with the use of the injector. 13 More importantly, particularly for cancer gene therapy applications we evaluated the potential risk of tumor cell dissemination by jet injection, which could then lead to increased tumor metastases. The data indicate that the utilization of the jet injector does not lead to an increased risk for tumor metastases in the B16 malignant melanoma model, which points to the safety of this technology. Furthermore, regarding the DNA damage by shearing forces associated with jet injection, our analysis revealed no dramatic loss of intact plasmid DNA indicating that a sufficient amount of functionally active DNA can enter the target tissue. This is in agreement with findings by others, who also observed only small destructive effects on DNA after jet injection. 15 Additional analyses using plasmids of different sizes revealed that even vectors of bigger size (up to 10 kb) underwent a maximum degradation of only 20-40% depending on the pressure used for the jet injections (data not shown). Vahlsing et al 8 report that jet injection by the Med-E-Jet has an influence on the plasmid DNA when fired through a PVC membrane or skin, reflected by slight reduction of the supercoiled form of the plasmid and the appearance of linear plasmid molecules. However, these effects have possibly only minor impact on expression efficiency of the jetinjected DNA. These and our own findings suggest that jet injection-associated DNA damage is not a limiting factor for efficient in vivo gene transfer.
In contrast to the majority of other studies which employ the jet-injection technology for genetic immunization approaches, our experiments are aimed at direct gene transfer into the targeted tumor tissue. In this context, the expression of the respective LacZ and GFP reporter gene and also of the therapeutic human TNF-␣ gene has been demonstrated directly within the jetinjected tissue. In fact, this approach revealed the parameters of distribution of gene expression and penetration of the transducing jet into the tumor tissue. In contrast to particle bombardment 9 or other jet injection studies, 15 we were able to show deeper penetration of the jet in the target tissue associated with widespread and strong gene expression. This is of essential importance, if not genetic immunization by targeting intradermal areas, 14,15 but direct tumor gene therapy is attempted by introduction of cytokine or suicide genes. Furthermore, the widespread distribution of transgene expression ensures that sufficient areas of the tumor are affected for the desired therapeutic effect. This is of great advantage over results described for conventional needle injection-mediated gene transfer into the target tissue, where more localized expression is seen around and close to the injection track. Although more efficient expression can be achieved when needle injections of naked DNA are performed via vascular injection, this approach requires comparatively large volumes of 1 ml to 10 ml for successful gene transfer. 26, 27 The experiments in this study demonstrate that jet injection leads to significant gene expression by using only small amounts of naked DNA. In addition to the simple formulation of the plasmids applied, the study also demonstrated that the simultaneous jet injection of two different plasmids results in successful expression of both genes (LacZ and TNF-␣) at the same site of jet injection. This points to the possible application of particular 'DNA-mixes' to achieve maximum synergy of the therapeutic genes transduced into the desired tissue. Analysis of the TNF-␣ expression revealed that expression of the cytokine lasted for up to 120 h. Further experiments are required to determine the maximum duration of gene expression after jet injection, since jet injection of DNA leads rather to transient than stable gene expression. 21 
Materials and methods
Determination of possible DNA degradation by jetinjection The high-speed jet injector was loaded with DNA solution in sterile water containing the pCMV␤ LacZ reporter plasmid (Clontech, Palo Alto, CA, USA). The plasmid DNA was amplified in 'one shot' competent E. coli bacteria (Invitrogen, Groningen, The Netherlands) and DNA was isolated by using the JETSTAR maxi preparation kit (Genomed, Bad Oeynhausen, Germany), which employs the alkaline/SDS and anion exchange method for plasmid DNA purification.
The DNA solution was fired into an Eppendorf tube at pressures of 2.0 or 3.0 bar. Aliquots of this jet-injected plasmid DNA were used for linearization by digestion with HindIII and both undigested and digested DNA were then subjected to agarose gel electrophoresis. DNA integrity was evaluated from video images by densitometry using the NIH Image 1.44b11 software (obtained from Wayne Rasband, NIMH, Bethesda, MD, USA).
In vivo evaluation of potential jet injection-associated metastases 1 × 10 7 B16 malignant melanoma cells were transplanted into the right flank of 6-8-week-old female BDF 1 mice. The animals were staged for 2 weeks to allow for the development of tumors with a size of approximately 6 × 6 mm. Tumor bearing mice were randomized for the studies: eight animals received no jet injection, eight animals received jet injections at 2.0 bar and eight animals received jet injections at 3.0 bar. The anesthetized animals received 10 jet injections at the respective pressure through the skin directly into the tumor applying 3-5 l 0.9% sodium chloride solution. Over the observation time of 22 days tumor growth was evaluated and after day 22 all animals were killed and lung metastases were counted.
In vivo jet injection of tumor bearing mice 1 × 10 7 Lewis-lung carcinoma cells or B16 malignant melanoma cells were transplanted into the right flank of 6-8-week-old female BDF 1 mice. The animals were staged for 2-3 weeks to allow for the development of tumors with a size of approximately 6 × 6 mm. Tumor bearing mice were randomized for the studies. The anesthetized animals received five jet injections using the hand-held 'high-speed jet injector' prototype (developed and manufactured by EMS Medical, Konstanz, Germany) at a pressure of 3.0 bar through the skin directly into the tumor. Each jet injection applied 3-5 l plasmid solution containing 1 g/l naked DNA in sterile water. For LacZ reporter expression the pCMV␤ plasmid was used (Clontech, Palo Alto, CA, USA), for GFP reporter expression the pEGFP-N1 plasmid was employed (Clontech) and for the expression of the human TNF-␣ the pM3CMV-hTNF vector was used. 28 In the experiments of simultaneous application of the LacZ reporter plasmid and of the pM3CMV-hTNF vector, DNAs of both constructs were mixed in sterile water to a final concentration of 1 g DNA/l sterile water for each construct. The mix was applied in a similar manner as described for the reporter plasmids. In all experiments control animals received five jet injections of 0.9% saline.
The animals were killed at 48, 72 and 96 h, tumors were excized and cryosections were prepared for subsequent expression analyses.
To evaluate the efficiency of jet injection in human tumor tissue, mammary tumor xenotransplants on NMRI-nu/nu were additionally used for jet injection of the LacZ reporter plasmid. 4 × 4 mm tumor pieces of a xenograft line, originally derived from surgical material of a ductal invasive mammary carcinoma, were transplanted on to female nude mice with an age of 4-8 weeks. 29 These animals were staged for 6-8 weeks for the establishment of tumor of a size of approximately 6 × 6 mm. The jet injections were performed as described and animals were killed 48 h after jet injection for tumor removal and subsequent X-gal staining.
Analysis of LacZ and GFP reporter expression
For detection of reporter gene expression animals were killed 48, 72 and 96 h after jet injection and tumors were removed for preparation of cryosections. The cryosections (7 m) were fixed in 2% formaldehyde for 10 min at 4°C and rinsed twice with ice cold PBS. The slides were the placed in quadriPERM plus (Heraeus Instruments,
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Osterode, Germany) chambers and covered with 3 ml Xgal mix (350 l X-gal (5-bromo-4-chloro-3-indolyl-␤-dgalactoside) stock solution of 20 mg X-gal in 1 ml dimethylformamide; 7 ml 1.1 mm MgCl 2 ; 0.5 ml 50 mm K 3 Fe(CN) 6 and 0.5 ml K 4 Fe(CN) 6 ) for ␤-galactosidase detection. The cryosections were incubated for at least 24 h at 37°C (blue color started to develop after 2-4 h) and then covered in Faramount aqueous mounting medium (Dako, Carpinteria, CA, USA). The tumors jet injected with pEGFP-N1 were also cryosectioned and fixed in 2% formaldehyde at 4°C for 10 min, mounted in Kaiser's glycerol gelatin (Merck, Darmstadt, Germany) and then analyzed using a fluorescence microscope (Leica, Wetzlar, Germany). For better topology of the reporter expression within the tissue, corresponding cryosections were stained using hematoxylin-eosin solution.
TNF-␣ immunohistochemistry
The tumors which were simultaneously transduced with the pCMV␤ and the pM3CMV-hTNF vectors were cryosectioned and the consecutive sections were subjected either to X-gal staining or TNF-␣ immunohistochemistry. For the immunohistochemistry, cryosections were fixed in 2% formaldehyde for 10 min at 4°C. The sections were washed once in PBS and the FITC-labeled monoclonal anti-human TNF-␣ specific antibody (R&D Systems, Wiesbaden, Germany) at a dilution of 1:2 in 2% BSA-PBS was added. The antibody was incubated over night at 4°C, the sections were then washed twice in PBS. TNF-␣-specific staining was evaluated using a fluorescence microscope and were checked for co-localization of the respective LacZ expression in the corresponding X-gal-stained cryosection of the same tumor.
TNF-␣ ELISA
For the TNF-␣ ELISA, three consecutive cryosections (7 m) of one tumor (see Figure 7) were homogenized in 300 l ice cold TE buffer (pH 8.0) containing the protease inhibitor aprotinin (10 mg/ml) and PMSF (phenylmethylsulfonyl fluoride, 100 g/ml) by two cycles of freeze-thawing. The homogenates were centrifuged at 14 000 r.p.m., 4°C for 10 min. Then, 2 × 100 l of the supernatants were subjected to the TNF-␣ ELISA (Cytoscreen ELISA, Biosource, Camarillo, CA, USA) as duplicates and the ELISA was performed according to the manufacturer's instructions. Absorbance was measured in a microplate reader at 450 nm (SLT-Labinstruments, Crailsheim, Germany). The TNF-␣ values were calculated from the respective TNF-␣ standard curve using the EasySoftG200/Easy-Fit software (SLTLabinstruments) and normalized to the corresponding protein content of the tumor homogenates which was determined by using the Coomassie Plus Protein Assay Reagent (Pierce, Rockford, IL, USA).
Statistical analysis
In the metastasis study, statistical significance was evaluated by using the non-parametric Mann-Whitney rank sum test.
